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ABSTRACT 

The Y-family DNA polymerase Rev1 is required for 
successful replication of G-quadruplex DNA (G4 
DNA) in higher eukaryotes. Here we show that 
human Rev1 (hRevI) disrupts G4 DNA structures 
and prevents refolding in vitro. Nucleotidyl transfer 
by hRevI is not necessary for mechanical unfolding 
to occur. hRevI binds G4 DNA substrates with 
Kd,DNA values that are 4-15-fold lower than those 
of non-G4 DNA substrates. The pre-steady-state 
rate constant of deoxycytidine monophosphate 
(dCMP) insertion opposite the first tetrad-guanine 
by hRevI is ~56% as fast as that observed for 
non-G4 DNA substrates. Thus, hRevI can promote 
fork progression by either dislodging tetrad 
guanines to unfold the G4 DNA, which could assist 
in extension by other DNA polymerases, or hRevI 
can prevent refolding of G4 DNA structures. The 
hRevI mechanism of action against G-quadruplexes 
helps explain why replication progress is impeded at 
G4 DNA sites in Rev1 -deficient cells and illustrates 
another unique feature of this enzyme with import- 
ant implications for genome maintenance. 

INTRODUCTION 

Studies in several organisms indicate that G-quadruplex 
DNA (G4 DNA) forms in vivo, with important biological 
ramifications (1-7). G4 DNA sequences form highly stable 
structures (8), and motifs predicted to form G4 DNA 
structures are positioned non-randomly in functional 
regions of prokaryotic, archaeal and eukaryotic genomes 
(9). Effective G4 DNA maintenance depends on the action 
of several helicases such as Pif 1 , FANCJ and RecQ fam- 
ily members (10-18). G4 DNA sequences are converted 
to single-stranded (ss) intermediates during DNA 



replication. Kinetic analyses indicate that at least some 
intramolecular G4 DNA structures can refold on the 
millisecond timescale (19), and a recent study found that 
G-quadruplexes appear to be most abundant during 
S-phase (5). Thus, it is likely that intramolecular 
G-quadruplexes can spontaneously refold in cells and 
are encountered intermittently by DNA polymerases 
(pols) during replication. Refolding of the G-quadruplex 
is undoubtedly a complex event, but once accomplished, 
it would be expected to hinder fork progression. Studies 
in Saccharomyces cerevisiae have shown that ribosomal 
DNA (rDNA) repeats, which are enriched in G4 DNA 
motifs are efficient blocks to replication fork progression 
in unperturbed wild-type cells and that yeast requires Pifl- 
family helicases for Pol2 to move through these sites 
(16,20-23). Rigorous examination of G4 DNA replication 
by different pol families is lacking, as it would seem at face 
value to be primarily an issue left to the realm of single- 
stranded DNA (ssDNA) binding proteins and helicases. 
Importantly, recent reports have implicated so-called 
translesion DNA synthesis (TLS) pols in the biology of 
G4 DNA replication, as depletion of three of the four 
Y-family pol members has been shown to cause defects 
in G4 DNA maintenance (24-27). Of particular interest 
is Revl, an enzyme with extraordinary structural features 
and functional properties that has been implicated in G4 
DNA replication dynamics. 

Revl is conserved from yeast to humans and plays an 
important role in both DNA repair and damage tolerance 
pathways (24-26). The Revl enzyme possesses an abso- 
lutely unique mechanism of nucleotide selection in which a 
protein side-chain from the so-called N-digit ejects the 
template base from the pol active site (27). In human 
Revl (hRevl), the side-chain of Leu 358 displaces the 
template strand and the guanidinium moiety of Arg 357 
hydrogen bonds with the incoming deoxycytidine 
triphosphate (dCTP) (28). The displaced template base is 
positioned in a region formed by multiple domains of the 
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enzyme called the 'G-loop' (27,28). The protein-template 
mechanism is also observed in yeast and is associated with 
nucleotide insertion across from DNA adducts (27,29). As 
such, Revl is primarily a deoxycytidyl transferase due to 
the favorable H-bonding between Arg 357 and dCTP, but 
the enzyme can catalyze insertion of other 2'-deoxy-nu- 
cleoside triphosphates (dNTPs) under certain in vitro con- 
ditions (30). Recent studies have shown that DT40 cells 
require Revl for successful replication of G4 DNA sites, 
and that this process is coordinated to some degree with 
the action of the FANCJ helicase (31,32). The structural 
properties of Revl and the purported role of the enzyme 
in G4 DNA maintenance led us to hypothesize that hRevl 
may actively aid in the unfolding of G4 DNA structures 
by sequestering tetrad-associated guanines in the G-loop, 
thereby disrupting the G4 tetrad. 

MATERIALS AND METHODS 

Materials 

All chemicals were molecular biology grade or better. 
dNTPs were obtained from GE Healthcare Life Sciences 
Biosciences (Piscataway, NJ, USA). All oligonucleotides 
used in this work were synthesized by Integrated DNA 
Technologies (Coralville, I A, USA) and purified using 
high-performance liquid chromatography by the manufac- 
turer, with analysis by matrix-assisted laser desorption time- 
of-flight MS. Dimethyl sulfate (DMS) was purchased from 
Sigma-Aldrich (St. Louis, MO, USA) and is a suspected 
carcinogen. Both the liquid and vapor forms of DMS are 
extremely severe irritants to the skin, eyes and mucous mem- 
branes. All DMS footprinting experiments were performed 
in a fume hood and extreme caution should be exercised 
when performing experiments with DMS. 

DNA substrate preparation 

All oligonucleotide stock solutions were resuspended 
in 50 mM HEPES (pH 7.5) buffer. Primer-template sub- 
strates were prepared in 50 mM HEPES (pH 7.5) buffer 
containing KC1 (either 40 mM or 100mM) by adding the 
primer complement (1:2, primer:template molar ratio) 
where indicated, heating the sample to 95°C for 5min 
and then slow cooling to room temperature. Where 
indicated, KC1 was omitted for 'no salt' experiments. 
DNA substrates were not frozen after re-annealing 
because we consistently observed a reduction in fluorescent 
changes for the stopped-flow assays if frozen aliquots were 
simply thawed and then used in the experiment. Single- 
strand DNA substrates were heated and slow cooled in 
an identical manner to the primer-template DNA. 

Protein expression and purification 

The core polymerase domain of hRevl (residues 330-833) 
was expressed in bacteria. The His-GST-hRevl 330-833 
fusion protein was expressed in Escherichia coli BL21 
(DE3) Gold cells (Agilent Technologies, Santa Clara, 
CA, USA). Cells were grown at 37°C and 250 rpm 
for 3h (OD 60 o = 0.5-0.6), followed by induction for 
3h (37°C and 250 rpm) by addition of isopropyl 



P-D-l-thiogalactopyranoside (1 mM) and finally harvested 
by centrifugation. Buffer containing 50 mM Tris-HCl 
(pH 7.4), 0.5 M NaCl, 10% glycerol (v/v), 5mM 
p-mercaptoethanol (p-ME), lysozyme (lmg/ml) and a 
protease inhibitor cocktail (Roche, Basel, Switzerland) 
was added to the harvested pellet. The suspension was 
sonicated and supernatant recovered from an ultracentri- 
fugation step (35 000 g, 1 h, 4°C). The protein was purified 
by two affinity steps using Ni Sepharose (GE Healthcare 
Life Sciences) followed by Gluthatione Sepharose 4B 
beads (GE Healthcare Life Sciences). Briefly, the protein 
was bound to a nickel-chelating column in 50 mM Tris- 
HCl (pH 7.4) buffer containing 0.5 M NaCl, 10% glycerol 
(v/v) and 5mM P-ME. The column was washed with 
40-60 mM imidazole and the protein eluted as a single 
peak in 400 mM imidazole. Following dialysis to remove 
imidazole and lower the concentration of NaCl to 0.15 M, 
the protein was added to the GST column in 50 mM 
Tris-HCl (pH 7.4) buffer containing 0.15 M NaCl, 10% 
glycerol (v/v) and 5 mM p-ME. After washing, the protein 
was then cleaved from the His-GST tag by treatment with 
PreScission protease (GE Healthcare Life Sciences) on the 
GST column, according to the methods suggested by the 
manufacturer. The final hRevl 330-833 stock solution was 
>95% pure. The highly pure hRevl 330-833 core protein 
was stored at -80°C in 50 mM HEPES buffer (pH 7.5) 
containing 0.1 M NaCl, 5mM P-ME and 30% glycerol, at 
a final concentration of near 100 uM. 

DMS footprinting assays 

Template oligonucleotides with a 6-carboxyfluorescein 
(FAM) label at the 5'-end were used to monitor G4 DNA 
formation by DMS footprinting. The 42-mer Myc2345 
G1423T sequence was 5'-/FAM/TGAGGGTGGGTAG 
GGTGGGTGCGTCTGCGGCTGGCTCGAGGC-3'. 
The 23-mer primer sequence was 5'-GCCTCGAGCCAGC 
CGCAGACGCA-3'. The oligonucleotides were resus- 
pended in 50 mM HEPES (pH 7.5) buffer containing the 
indicated concentrations of KC1 (either no, 40 mM or 
lOOmM). The primer:template molar ratio was 1:2. As 
before, the substrates (both ss-42-mer and primer- 
template) were heated to 95°C for 5min and then slow 
cooled to room temperature. The DNA substrates 
(5 pmoles) were incubated in 50 mM HEPES (pH 7.5) 
buffer containing KC1 (where indicated), 0.1 ug salmon 
sperm DNA and DMS (1 ul of DMS:ethanol, 4:1, v/v). 
The final volume of the reaction was 72 ul. The reaction 
was allowed to proceed for lOmin at room temperature. 
The reaction was quenched with 18 ul of stop buffer (1.5 M 
sodium acetate, pH 7.0, 1 M PME). Following ethanol pre- 
cipitation, the samples were centrifuged under vacuum to 
dryness, and the DNA pellet was resuspended in 90 ul of 
1 M piperidine. The reaction was incubated at 95°C for 
30min and then placed on ice for 2min. The ethanol pre- 
cipitation step was repeated and the resulting pellet resus- 
pended in 100 ul of dH 2 0. The samples were centrifuged 
under vacuum to dryness and then resuspended in 10 ul of 
loading dye [95% formamide (v/v)/20mM ethylenediami- 
netetraacetic acid (EDTA)/0.01% (w/v) bromophenol 
blue]. The samples were heated at 95°C for 5min, and 
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4ul (~2 pmoles) was separated by electrophoresis on a 
12% (w/v) polyacrylamide/7 M urea denaturing gel. To 
optimize band separation, the samples were run overnight 
at constant power (2W). All gel imaging was performed 
with a Typhoon imaging system (GE Life Sciences). The 
relative reactivity at each nucleotide on the DNA substrate 
was calculated by quantifying the intensity of each band in 
the lane, then dividing that value by the total lane intensity 
and multiplying by 100 to yield a percentage. 

Measurement of DNA binding affinity by fluorescence 
polarization 

Four DNA substrates were prepared for DNA binding 
assays. The sequence of the 28-mer G4 DNA template 
was 5'-/FAM/TGGGTGGGTAGGGTGGGTAGGGG 
AGGAT-3' and the 28-mer non-G4 DNA template was 
5'-/FAM/TATGTGACTATGCTGGGTAGGGGAGGA 
T-3'. The sequence of the unlabeled primer was 5'-ATCCT 
CCCCTA-3'. Substrates were prepared as described 
above. DNA binding affinity was measured by incubating 
DNA substrates (1 nM) labeled at the 5'-terminus with 
FAM with varying concentrations of hRevl 330-833 
(0^1 uM). Fluorescence polarization was measured in a 
Biotek SynergyH4 plate reader using the appropriate 
filter sets (k ex = 485 ± 20nm and X em = 525 ± 20 nm). 
All titrations were performed at 25° C in 50 mM HEPES 
buffer (pH 7.5) containing 10 mM KOAc, 10 mM KC1, 
5mM MgCl 2 , 0.1 mM EDTA, 2mM P-ME and 0.1 mg/ 
ml bovine serum albumin (BSA). Polarization was 
determined using Equation 1: 

D (*i|-*±) 
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where F|| equals fluorescence intensity parallel to the 
excitation plane and F ± equals the fluorescence intensity 
perpendicular to the excitation plane. The resulting 
change in polarization units was plotted against protein 
concentration and fit to a quadratic equation (equation 2). 
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where P = the measured change in fluorescence polariza- 
tion, P 0 = minimum polarization value measured, P mas = 
maximum polarization value measured, £totai = the 
concentration of enzyme, DNA totai = the concentration 
of FAM-labeled DNA and K d is the measured equilibrium 
dissociation constant for enzyme binding to DNA. The 
binding curves were fit such that DNA tota | was fixed to be 
constant (1 nM). 

Fluorescence quenching assay to monitor G4 DNA folding 
and unfolding 

The sequence of the 42-mer Myc2345 G1423T oligo- 
nucleotide used to monitor G4 DNA dynamics was 



5'-/FAM/TGAGGGTGGGTAGGGTGGGTGCGTCT 
GCGGCTGGCTCGAGGC/Dab/-3'. An 18/42-mer 
primer-template DNA substrate was used for some G4 
DNA unfolding experiments. The primer sequence was 
5'-GCCTCGAGCCAGCCGCAG-3'. Stopped-flow ex- 
periments were performed on an SX.18MV instrument 
(Applied Photophysics) maintained at 25° C by a 
circulating water bath. Changes in FAM fluorescence 
over time were measured after a 515-nm-cutoff filter 
(Newport Optical Filter #51294) with excitation at 
495 nm through 1-mm slits. G4 DNA folding/unfolding 
experiments were performed at 25°C in 10 mM Tris (pH 
7.4 at 25° C) buffer containing KC1 at the indicated con- 
centrations. For the G4 DNA-folding reactions, both KC1 
and hRevl were incubated in a separate syringe from the 
DNA substrate. For the G4 DNA unfolding reactions, 
KC1 was included in both syringes. Where indicated, 
hRevl 330-833 , MgCl 2 and dCTP were incubated in a 
separate syringe from the DNA. The final concentrations 
of MgCh and dCTP were 2mM and 50 uM, respectively. 
The final concentration of DNA in the reaction was 
20nM, and hRevl 330-833 concentration was varied as 
indicated. The resulting curves represent the average of 
two to four experiments. The G4 DNA-folding reactions 
were fit to Equation 3, which describes a single-exponen- 
tial decay: 



O'o - A) x e 



(3) 



The fluorescence changes observed for G4 DNA unfolding 
were fit to Equation 4: 
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where A = amplitude of the change in fluorescence signal, 
n = number of steps to form product, k obs = observed 
rate of product formation and k 2 = linear phase. For 
data sets exhibiting a lag in product formation, a two- 
step exponential equation (« = 2) was used. 

Steady-state kinetic analysis of dCTP insertion by 

hRevl 330-833 

Single nucleotide insertion by hRevl 330-833 was measured 
over a range of dCTP concentrations. Three primer- 
template DNA substrates were used for each 42-mer 
template strand for six substrates: (i) 19/42-mer non-G4 
DNA, (ii) 21 /42-mer non-G4 DNA, (hi) 23/42-mer non- 
04 DNA, (iv) 19/42-mer G4 DNA, (v) 21 /42-mer G4 
DNA and (vi) 23/42-mer G4 DNA. The 42-mer non-G4 
DNA sequence was 5'-GTGAGATGTTGACCATGGGT 
GCGTCTGCGGCTGGCTCGAGGC-3'. The sequence 
of the 42-mer G4 DNA sequence was 5'-TGAGGGTGG 
GTAGGGTGGGTGCGTCTGCGGCTGGCTCGAGG 
C-3'. The sequence of the 19-mer primer was 5'-/FAM/-T 
TTGCCTCGAGCCAGCCGC AGA-3' . The sequence of 
the 21-mer primer was 5'-/FAM/-TTTGCCTCGAGCC 
AGCCGC AG ACG-3' . The sequence of the 23-mer 
primer was 5' - /FAM /-TTTGCCTCGAGCC AGCCGC A 
GACGCA-3'. The FAM-labeled primer was annealed to 
the template in a 1:2 ratio. 
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To obtain estimates for Michaelis-Menten kinetic par- 
ameters, the DNA substrate (200 nM) was pre-incubated 
with hRevl 330-833 (10 nM), and the reactions were 
initiated by addition of dCTP (0-250 uM) and MgCl 2 
(5mM). All the enzymatic reactions were carried out at 
37°C in 40 mM HEPES buffer (pH 7.5) containing 
lOOmM KC1, 5mM dithiothreitol, 0.1 mg ml" 1 BSA and 
5% (v/v) glycerol. At the desired time points, 15ul of 
reaction was quenched with 85 ul of 95% formamide 
(v/v), 20 mM EDTA and 0.1% bromophenol blue (w/v) 
solution and were separated by electrophoresis on a 12% 
polyacrylamide (w/v)/7M urea gel. The products were 
then visualized using a Typhoon imager (GE Healthcare 
Life Sciences) and quantified using ImageJ software (33). 
The rate was plotted as a function of dCTP concentration 
and fit to the Michaelis-Menten equation in Prism 
(GraphPad, San Diego, CA, USA). The turnover 
number (k cM ) and Michaelis constant (^M.dNTp) are 
reported. To allow hRevl 330-833 to perform multiple in- 
sertions opposite the first three template guanines, the 
DNA substrate (200 nM) was pre-incubated with 
hRevl 330-833 (5nM), and the reactions were initiated by 
addition of dCTP (250 uM) and MgCl 2 (5 mM). Time 
points were taken out to 1 h, processed and visualized as 
described above. In this way, we were able to observe 
multiple insertion events by hRevl 330-833 on both non- 
04 and G4 DNA. 

Pre-steady-state kinetic analysis of hRevl-catalyzed 
insertion of dCTP 

Pre-steady-state experiments were performed using a 
KinTek RQF-3 model chemical quench-flow apparatus 
(KinTek Corp., Austin, TX, USA) maintained at 37°C 
by a circulating water bath. Assays were carried out in 
40 mM HEPES buffer (pH 7.5) containing 100 mM KC1, 
5mM dithiothreitol, 0.1 mg ml -1 BSA and 5% (v/v) 
glycerol. hRevl 330-833 (400 nM) was pre-incubated with 
23/42-mer FAM-labeled primer-template DNA 
(100 nM). The reaction was initiated by rapid mixing of 
the enzyme-DNA solution with a solution containing 
MgCl 2 (5 mM) and dCTP (500 uM). Polymerase catalysis 
was stopped by the addition of 200 mM EDTA (pH 8.5) 
over a range of time points (0.005-8 s). Product formation 
was analyzed as described previously for steady-state 
assays and the resulting curves were fit to Equation 3. 

RESULTS 

Binding of hRevl exposes tetrad-guanines 

We chose the G4 DNA-forming sequence from the 
promoter of the c-MYC proto-oncogene as our in vitro 
model for understanding fundamental biochemical 
properties of G4 DNA replication by hRevl (Figure 1 
and Supplementary Table SI). A major advantage of 
using the c-MYC promoter to study G4 DNA replication 
is the abundant literature critically examining structural 
properties of this G-quadruplex-forming sequence 
(34-37), which permits the study of hRevl catalysis 
against a substrate adopting a single G4 DNA fold, as 
opposed to a conformationally heterogeneous substrate. 



The 27-nt purine-rich (Pu27mer) NHEIII element in the 
c-MYC promoter contains five tracts of guanines that can 
adopt several G-quadruplex loop isomers (Figure la). The 
major G-quadruplex loop isomer formed by the c-MYC 
Pu27mer in K + solution involves the second, third, fourth 
and fifth runs of guanines (Myc2345). The Myc2345 
sequence forms an intramolecular G-quadruplex 
comprising three stacked G4 tetrads that are separated 
by three loops of 1-2 nt. Strategic mutations in Myc2345 
can isolate at least four discrete loop isomers, all of which 
form parallel-stranded G4 DNA structures. We chose to 
study the most stable loop isomer identified so far: 
Myc2345 G14/23T (T m = 74°C) (35), where the numbers 
14 and 23 correspond to the position of the bases that are 
mutated from the wild-type Pu27mer sequence (e.g. G14 
and G23 are both mutated to T). 

Before performing experiments with hRevl, we con- 
firmed the stable formation of the G-quadruplex struc- 
tures in our substrates by DMS footprinting assays and 
circular dichroism (CD) spectroscopy. G-quadruplexes 
display characteristic spectral properties when analyzed 
by CD (38,39). DMS is most reactive with the N7 atom 
of guanine (40) and is often used to monitor formation of 
the G-quadruplex structures, as tetrad formation protects 
guanine from this reaction. As expected, we observe a 
clear salt-dependent protection from DMS reactivity for 
the guanines predicted to participate in the G4 DNA 
structures (Figure lb), and CD reveals spectral properties 
characteristic of G4 DNA formation (Supplementary 
Figures SI and S2). The protection from DMS reactivity 
is observed for both ssDNA and primer-template sub- 
strates. There does appear to be a reduction in the 
amount of DNA recovered in the DMS experiments per- 
formed without salt. On average, we find that the total 
amount of DNA recovered from DMS reactions without 
salt is ~55-67% of that obtained with salt (either 40 mM 
or 100 mM K + ) when the experiments are performed side 
by side. However, the conclusions drawn from the DMS 
footprinting experiments do not depend on the total 
amount of DNA loaded on the gel, as the relative reactiv- 
ity for each band is calculated as a percentage of the total 
signal in the lane. Quantification of the gels reveals that 
G22-G20 and G18-G16 are ~2— 3-fold less reactive in the 
presence of K + (Figure lc). The other tetrad guanines 
(G13-G11 and G9-G7) are also protected, but the 
amount of product formed in the DMS reaction is 
lower, which makes quantitative comparisons more 
tenuous. Still, it is clear that the addition of K + affords 
significant protective effects to the guanines predicted to 
participate in G4 DNA formation. 

We then tested whether addition of hRevl 330-833 
altered the cleavage pattern for the Myc2345 G14/23T 
substrate under conditions that do not promote G4 
DNA formation. When hRevl 330-833 is incubated with 
23/42-mer G4 DNA in the absence of K + (i.e. no G4 
DNA formed), there is a modest protective effect all 
along the template strand (Figure 2a and quantified in 
Figure 2b). There is a slight increase in reactivity for 
G22 and G21, near the primer-template junction, on 
addition of a 1:1 hRevl 330-833 :DNA molar ratio. 
However, this difference is not statistically significant 
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Figure 1. The c-MYC promoter sequence forms G4 DNA in vitro, (a) The c-MYC promoter contains a 27-nt sequence (Pu27mer) with five runs of 
tandem guanines (1-5) that can form several G4 DNA structures. Tetrad-associated guanines are marked in bold, and the Pu27mer numbering 
scheme is in accordance with previous reports in the literature. A mutant of the wild-type Pu27mer, the Myc2345 G14/23T loop isomer, was chosen 
for our study of hRevl activity on G4 DNA substrates, (b) DMS footprinting was performed with Myc2345 G14/23T 42-mer DNA in the presence 
or absence of an annealed 23-mer primer. Tetrad-associated guanines are protected from reaction with DMS on addition of potassium, indicative of 
G4 DNA folding. The addition of a primer does not alter the protection afforded to the G4 DNA-forming sequences. The nucleotide numbering 
scheme depicted to the left of each gel follows that of the Pu27mer (a), (c) Quantification of template base reactivity to DMS for experiments 
performed with each substrate either with KCI (lOOmM, black bars) or without KCI (white bars) reveals a strong protection of guanines predicted to 
participate in the G4 DNA structure, indicating that both G4 DNA substrates (i.e. with or without 23-mer primer) behave as expected. A cartoon 
illustration of the DNA structures that depicts our interpretation of the experimental results is shown for clarity. 



(P = 0.67). At a 5:1 hRevl 33 °- 833 :DNA molar ratio, both 
G22 and G21 are protected, and when compared with the 
no enzyme control, the difference is statistically significant 
(P = 0.037 and 0.015 for G22 and G21, respectively). 
The protective effect of hRevl is even more pronounced 
for guanines G20-G7 (e.g. P = 0.0037 when comparing 
the results for the no-enzyme control and 5:1 
hRevl 330_833 :DNA experiments at position G20). We 
conclude from the no-salt DMS foot-printing experiments 
that hRevl can simultaneously bind and protect guanines 



at both the primer-template junction and on the ssDNA 
portion of the substrate. 

We then examined the effect of hRevl binding on the 
stability of G4 DNA structures by performing DMS foot- 
printing experiments at two concentrations of K + (40 and 
100 mM). These experiments were performed in the 
absence of metal ions and dNTPs. Incubating the 23/42- 
mer G4 DNA substrate with hRevl 330 " 833 in the presence 
of 40 mM K + leads to a reproducible and pronounced 
increase in the reactivity of G22, the tetrad-associated 



Nucleic Acids Research, 2014, Vol. 42, No. 5 3277 



(a) 



23/42mer Myc2345 G14/23T G4 DNA with hRevl 
KC1 - + + + ++++++ 

hRevl: DNA 0 1:1 5:1 0 1:1 5:1 0 1:1 5:1 



(b) 



■ ■ 



-!!! Ill 



::itt 



G22 
G21 
G20 
T19 
G18 
G17 
G16 
A15 
T14 

G13 
G12 
G11 
T10 
G9 
G8 
G7 




o 



No Salt 



□ No enzyme 
■ hRevl :DNA (1:1) 
hRevl :DNA (5:1) 




(c) 



o 



+40 mM KCI 



□ No enzyme 

■ hRev1:DNA(1:1) 

■ hRevl :DNA (5:1) 




+100 mM KCI 




□ No enzyme 

■ hRevl :DNA (1:1) 

■ hRevl :DNA (5:1) 



Figure 2. hRevl 330 " 833 alters the pattern of DMS reactivity for G4 DNA-forming sequences, (a) Primer-template G4 DNA substrate (23/42mer, 5 
pmoles) was incubated with hRevl 330 " 833 (5 and 25 pmoles) either without salt (-) or in the presence of KCI (40 mM, +; 100 mM, ++), and DMS 
footprinting was performed, (b) Quantification of template base reactivity for experiments performed without salt (a) either in the absence of enzyme 
('white' bars) or in the presence of hRevl 3 0-83 (5 pmoles, 'blue' bars; 25 pmoles, 'red' bars) reveals that hRevl 330-833 binds to unstructured ssDNA 
and attenuates reactivity with DMS. The mean ± SD is shown (n = 6). (c) Quantification of template base reactivity for experiments performed with 
KCI (40 mM, a) either in the absence of enzyme ('white' bars) or in the presence of hRevl 330-833 (5 pmoles, 'blue' bars; 25 pmoles, 'red' bars) reveals 
that the tetrad-associated guanine (G22) at the extreme 3"-terminus is deprotected on addition of hRevl 330-833 . The mean(± SD is shown (n = 3). 
(d) Quantification of template base reactivity for experiments performed with KCI (lOOmM, a) either in the absence of enzyme ('white' bars) or in 
the presence of hRevl 330-833 (5 pmoles, 'blue' bars; 25 pmoles, 'red' bars) reveals that the tetrad-associated guanines in the template strand are 
deprotected on addition of hRevl 330-833 . The mean ± SD is shown (n = 3). A cartoon illustration of the DNA structures that depicts our inter- 
pretation of the effect of hRevl 330-833 binding is shown for clarity. 



guanine at the extreme 3'-end of the G4 DNA-forming 
sequence, consistent with disruption of the G4 tetrad on 
binding of hRevl (Figure 2a and c). A similar effect is 
observed at 100 mM K + (Figure 2a and d). The change 



in G22 reactivity attributable to hRevl is statistically sig- 
nificant at both concentrations of K + (e.g. P = 0.0033 and 
0.0045 when comparing the reactivity of G22 for no 
enzyme control with the 1:1 hRevl 330_833 :DNA 
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experiment at 40 mM and 100 mM K + , respectively). 
These results suggest that binding of hRevl 330-833 is suf- 
ficient to remove G22 from the first tetrad of the c-MYC 
G4 DNA structure. The crystal structure of hRevl in 
complex with template dG predicts that interactions 
with the G-loop maintain the base in an 'extrahelical 
path' outside of the enzyme active site (28), which may 
account for the most pronounced change in guanine 
reactivity being observed at G22. 

Comparing the reactivity of the other tetrad-associated 
guanines at either 40 or 100 mM K + reveals a more 
complex pattern. For the 1:1 hRevl 330-833 :DNA experi- 
ments, there is a general trend for increased reactivity at 
both salt concentrations. However, at the lower salt con- 
centration (40 mM), adding more protein attenuates the 
reactivity for guanines G21-G7 (Figure 2c), indicative of 
a protective effect on the ssDNA template similar to what 
we observe for the no-salt experiments (Figure 2b). 
Increasing the K + to lOOmM results in a trend toward 
increased reactivity of guanines at both 1:1 and 5:1 
hRevl 330-833 :DNA, especially for G11-G7 (Figure 2d). 
Thus, at higher salt concentrations, the unfolded 



tetrad-guanines are not as protected by the ability of 
hRevl to bind ssDNA. We were intrigued by these 
findings and decided to examine hRevl 330- 33 interactions 
with G4 DNA substrates in more detail. 

hRevl preferentially binds G4 DNA 

Next, we used fluorescence polarization to measure the 
affinity of hRevl 330 " 833 for G4 DNA and non-G4 DNA 
substrates. hRevl 330-833 was titrated into a solution con- 
taining one of four fluorescently-labeled DNA substrates: 
(i) ss-non-G4 DNA, (ii) primer-template non-G4 DNA, 
(iii) ss-G4 DNA or (iv) primer-template G4 DNA. Revl is 
known to bind ssDNA, a property that does not appear to 
be shared with other Y-family members, such as hpol r| 
(41). Analysis of fluorescence polarization assays revealed 
that hRevl 330 " 833 binds ss-G4 DNA-containing substrates 
with ~4-fold greater affinity than non-G4 DNA control 
ssDNA (Figure 3a). The effect is even more pronounced 
for primer-template substrates, where hRevl 3 0-833 binds 
G4 DNA substrates ~ 15-fold tighter than the non-G4 
DNA control (Figure 3b). These results indicate that 
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Figure 3. hRevl 330-833 preferentially binds to G4 DNA-containing substrates, (a) hRevl 330-833 was titrated into a solution containing either FAM- 
labeled ss-G4 DNA (square) or ss-non-G4 DNA (circle) oligonucleotides (InM). Changes in fluorescence polarization were measured, and the 
resulting data fit to a quadratic equation to yield the following equilibrium dissociation constants: ss-G4 DNA. K A DNA = 15.7 ± 8.7 nM; ss-non-G4 
DNA, A: dDNA = 65.7 ± 8.8 nM. (b) hRevl 330-833 was titrated into a solution containing either FAM-labeled primer-template G4 DNA (square) or 
primer-template non-G4 DNA (circle) oligonucleotides (InM). Changes in fluorescence polarization were measured, and the resulting data fit to a 
quadratic equation to yield the following equilibrium dissociation constants: primer-template G4 DNA, K d DNA = 8.4 ± 2.5 nM; primer-template 
non-G4 DNA. -Kj dna = 129 ± 20 nM. The reported values represent the mean ± SD (n = 3). 
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hRevl 330 833 preferentially forms binary complexes with 
G4 DNA substrates. 

hRevl disrupts G4 DNA structures 

Although the DMS footprinting assays were suggestive 
of G4 DNA disruption by hRevl 330 " 833 on binding, 
we sought a complementary approach for monitoring 
G4 DNA dynamics to further assess the ability of 

330 833 

hRevl" ~ " to unfold these structures. Toward this 
end, an oligonucleotide with an FAM label at the 5'-ter- 
minus and a dabcyl (Dab) quencher at the 3'-terminus 
were used to monitor G4 DNA folding/re-folding (42). 
Quenching of FAM signal by Dab occurs when the 
molecules are brought in proximity to one another 
(i.e. when the G4 DNA folds). Conversely, the fluores- 
cence signal increases as the G4 DNA structure unfolds 
(Figure 4a). 

Stopped-flow analysis was used to monitor temporal 
aspects of c-MYC G4 DNA dynamics. Time-resolved 
fluorescence quenching showed that the c-MYC G4 
DNA used in our study folds quickly on mixing with a 
solution containing potassium (Figure 4b, 'black' trace 
and Supplementary Table S2). The data were fit to an 
equation describing a one-phase exponential decay 
(Equation 3, A = -58.2 ± 0.1 x 10" 2 V, k obs = 22.9 ± 
0.1 x 10 -3 s -1 ). The rate of folding is similar to that pre- 
viously reported for intramolecular c-MYC G4 DNA- 
forming sequences (43). Simultaneous addition of 
hRevl 330-833 and potassium prevents fluorescence 
quenching, indicating that hRevl can bind to the 
unfolded ss-G4 DNA and hinder G4 DNA formation 
(Figure 4b, 'purple', 'dark blue' and 'light blue' traces 
and Supplementary Table S2). At a 1:4 hRevl 330-833 :G4 
DNA molar ratio (5nM hRevl 330-833 ), the data again 
follow a single-exponential decay (A = —42.8 ± 0.1 x 
10 -2 V, k ohs = 23.1 ± 0.1 x 10 -3 s -1 ). Although the 
observed rate of G4 DNA folding is essentially unchanged 
under conditions where the DNA is in excess of the 
enzyme, the amplitude of the change is reduced, which 
indicates that fewer DNA molecules have folded into 
G-quadruplex structures. Further increasing the amount 
of hRevl 0-833 in the reaction dramatically reduces the 
amplitude of fluorescence change, which we interpret as 
strong evidence for the prevention of G4 DNA formation 
by hRevl 330-833 (Figure 4b, 'dark blue' and 'light 
blue' traces). The observed rate of folding at 1:2 
hRevl 330-833 :G4 DNA was k ohs = 20.0 ± 0.5 x 10 -3 s"\ 
but there was an ~5. 5-fold reduction in amplitude 
(A = —10.6 ± 0.1 x 10 -2 V) compared with the control 
G4 DNA-folding reaction with no enzyme (Figure 4b, 
compare the 'black' trace with the 'light' and 'dark blue' 
traces). The observed rate of folding at nearly equimolar 
hRevl 330-833 :G4 DNA was k obs = 14.7 ± 0.6 x 10 -3 s"\ 
with a 7.5-fold reduction in amplitude (A = —7.73 ± 
0.05 x 10 -2 V) compared with the no enzyme control. 
Thus, the amplitude of the fluorescence change, which 
directly monitors the amount of G4 DNA present in the 
reaction, is severely attenuated on addition of the enzyme, 
which indicates that hRevl 330-833 can prevent G4 DNA 
folding. 



330 833 

We then monitored hRevl" - "-mediated unfolding 
of a pre-formed G4 DNA structure. The addition of 
hRevl 330-833 to a solution of ss-G4 DNA produces an 
increase in fluorescence signal, indicative of G4 DNA dis- 
ruption (Figure 4c and Supplementary Table S3). At a 1:1 
hRevl 330- :G4 DNA molar ratio, there is an apparent 
lag in the fluorescence change indicative of a multiple-step 
reaction (Figure 4c, 'dark blue' trace). The curve was 
fit to Equation 3 (n = 2, A = 6.6 ± 0.4 x 10 -2 V, k ohs = 
153.4 ± 0.1 x 10 -4 s -1 , k 2 = 14.7 ± 0.1 x 10 -5 V s -1 ). 
Increasing the concentration of hRevl 330-833 in the 
reaction mixture 10-fold eliminates the lag phase and 
a larger absolute change in fluorescence is observed 
(Figure 4c, 'light blue' trace). The resulting curve was fit 
to Equation 3 (n = 1, A = 23.1 ± 0.1 x 10 -2 V, k obs = 
87.1 ± 0.4 x 10 -4 s -1 , k 2 = 17.9 ± 0.6 x 10 -5 V s -1 ). 
The rate of G4 DNA-unfolding in the presence of 
hRevl 330-833 is ~2-4-fold faster than the apparent 
first-order rate of c-MYC G4 DNA unfolding stimulated 
by hybridization to a 4000-fold excess of the complement 
strand, as measured by single-molecule experiments (44). 
Also, the amplitude of the fluorescence change increases 
sharply with higher amounts of enzyme, indicative of 
more complete G4 DNA disruption occurring as a 
function of hRevl 330-833 concentration. Another Y- 
family pol, Dpo4 from the crenarchaeote Sulfolobus 
solfataricus fails to induce a change in fluorescence 
signal for the G4 DNA substrate (Figure4c, 'red' trace), 
suggesting that G4 DNA disruption is unique to hRevl. 

A 330 833 

Finally, we tested whether hRevl " " could induce a 
fluorescence change on a G4 DNA substrate possessing a 
primer strand (Figure 4d and Supplementary Table S4). 
Similar to results with ss-G4 DNA, hRevl 330-833 can 
promote G4 DNA dissolution with the 18/42-mer 
primer-template G4 DNA substrate (Figure 4d, 'light 
blue' trace). Adding either Mg 2+ or Mg 2+ :dCTP to the 
reaction mixture does not alter the rate or the amplitude 
of the increase in fluorescence that accompanies G4 DNA 
unwinding (Figure 4d, 'green and purple' traces, respect- 
ively). Collectively, these results support the idea that 
hRevl 330-833 can disrupt G4 DNA structures without 
performing nucleotidyl transfer. 

hRevl inserts dCMP on G4 DNA substrates 

Next, we wanted to examine the effect of G4 DNA 
on hRevl -catalyzed insertion of deoxycytidine 
monophosphate (dCMP). Initially, we compared hRevl- 
catalyzed dCMP insertion over an extended time frame. 
We find that, even though it is an extremely non-processive 
enzyme, hRevl 330-833 is able to extend the primer across the 
first run of three guanines by inserting dCMP opposite 
G22-G20 on both non-G4 and G4 DNA substrates 
(Figure 5a). The amount of product formed over time is 
diminished in the presence of G4 DNA. The addition of 
calcium inhibits hRevl catalysis on both substrates 
(Supplementary Figure S3). To systematically quantify 
the impact of G4 DNA on hRevl catalysis, we performed 
steady-state kinetic analysis of dCMP insertion using three 
different primer-templates that position the hRevl active 
site 4 (19/42 mer), 2 (21/42 mer) and 0 (23/42 mer) nt away 
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Figure 4. hRev 1 330-833 can disrupt G4 DNA structures, (a) Schematic illustration of the fluorescence-quenching assay used to monitor G4 DNA 
folding and unfolding. FAM fluorescence is quenched by dabcyl (Dab) moiety when G4 DNA folds and increases when G4 DNA unfolds, 
(b) Fluorescence quenching for FAM/Dab-42-mer ss-G4 DNA (20 nM) was monitored by stopped-ftow following mixing with buffer without 
KC1 (dashed line), 40 mM KC1 (black trace), 40 mM KC1 with either 5nM ("purple' trace), 10 nM ('dark blue' trace) or 15nM ('light blue' trace) 
hRevl 330 " 833 . The resulting curves were fit to Equation 3 to yield the following kinetic parameters: 40 mM KC1, no hRevl : 



/t 0 bs = 22.9 ± 0.1 x 10" J s ' 
A = -10.6 ± 0.1 



40mM KC1, 5nM hRevl 330 " 833 - 
10- 2 V, 



A = -42.8 ± 0.1 x 10" 2 V, k obs = 23.1 ± 0.1 x 10" 



40 mM KC1, 15nM hRevl 3 



A = -7.73 ± 



A = -58.2 ± 0.1 x 10 
40 mM KC1, 10 nM hRevl 

0.05 x 10" V, k obs = 14.7 ± 0.6 x 10~ 3 s™'. The fit of the data to Equation 3 is shown, (c) G4 DNA unfolding was monitored for a pre-formed 
FAM/Dab-42-mer ss-G4 DNA (20 nM) following addition of buffer ( black' trace) and either 20 nM ('dark blue' trace), 200 nM ('light blue' trace) 
hRevl 330 " 833 or 200 nM Dpo4 ('red' trace). The data for experiments with hRevl °~ were fit to Equation 4 to yield the following kinetic 

on«A/f t,D 330-833. ,„ _ -) W — zr/rifi/fw in— 2 \r U — 1 CI A A- A 1 v. 



parameters: 20 nM hRevl 
n = 1, A = 23.1 ± 0.1 x 10" 



2, A = 6.6 ± 0.4 x 10 
2 V, /c obs = 87.1 ± 0.4 x 10~ 4 



; V, fe obs = 153.4 ± 0.1 x 10 
k 2 = 17.9 ± 0.6 x 10~ 5 V s" 1 



s , k 2 = 14.7 ± 0.1 x 10- 3 V s" 1 ; 200nM hRevl 331 ™: 
The fit of the data to Equation 4 is shown, (d) G4 DNA 



unfolding was monitored for FAM/Dab-18/42-mer G4 DNA (20nM) following addition of either 200nM hRevl 330 " 833 alone ('light blue' trace), 
200nM hRevl 330 " 833 with 2mM MgCl 2 ('green' trace), or 200nM hRevl 330 " 833 with 50 uM dCTP and 2mM MgCl 2 ('purple' trace). All experi- 
ments were performed in the presence of KC1 (40 mM). The data for all three experiments were fit to Equation 4 to yield the following kinetic 

k 2 = 13.9 ± 0.1 x 1<T S V s~'; hRevl 330 " 833 with MgCl 2 : 



parameters: hRevl 330 " 833 alone: n=\,A = 15.2 ± 0.7 x 10" 



I, 



9.9 ± 0.6 x 10" 2 V, k a 



58.4 ± 0.8 x 10" 



k: 



15.2 ± 0.1 x 10^V 

-l 



hRevl 3 



with dCTP/MgCl 2 



1. 



A = 11.1 ± 0.6 x 10~ Z V, k obs = 71.4 ± 0.9 x 10"* s" 1 , k 2 = 14.6 ± 0.1 x 10" 3 V s~'. The fit of the data to Equation 4 is shown. The data represent 
the average of two to four experiments, and the error represents the standard error of the fit. A cartoon schematic is shown to the left of each 
reaction trace to better illustrate the experimental design and our interpretation of the results. 
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Figure 5. Representative dCMP insertion results for 23/42-mer DNA substrates, (a) Results of a time-course experiment measuring hRevl 330- 3 
(5nM) insertion of dCTP (ImM) on 23/42-mer non-G4 DNA or G4 DNA substrates (200 nM). hRev 1 330-833 can insert dCMP opposite the first 
three tetrad-guanines (G22-G20) but the rate of insertion is less than that observed for the non-G4 DNA substrate. Representative gels for steady- 
state kinetic analysis of hRevl (lOnM) insertion of dCTP at the concentrations indicated on either (b) 23/42-mer non-G4 DNA or (c) 23/42-mer G4 
DNA (200 nM) substrates. The reaction time for non-G4 DNA substrates was 5min and that for G4 DNA substrates was lOmin. 



from the first tetrad-guanine (G22), respectively. Three 
non-G4 DNA primer-template substrates were prepared 
as controls, for a total of six substrates. In this way, we 
systematically evaluated the relative effect on nucleotidyl 
transfer when hRevl is positioned at different distances 
from the G4 DNA structure. It should be noted that for 
all of the kinetic measurements, we were careful to use con- 
ditions that only allowed incorporation of the first dCMP 
on the templates with three guanines adjacent to one 
another (Figure 5b and c). 

We find that the specificity constant (k CSL JK M ^ntp) for 
hRevl 330_833 -catalyzed dCTP insertion on G4 DNA sub- 
strates is ~70% of the non-G4 DNA control when the 
polymerase is positioned 4 nt away from the 
G-quadruplex-forming sequence (Table 1). Moving 
hRevl to within 2nt of the G4 DNA structure diminishes 
the specificity constant to ~16% of the non-G4 DNA 
control, indicating some impairment of hRevl catalysis 
as it nears the G-quadruplex. The change in activity on 
the 21/42 -mer G4 DNA substrate is driven by an increase 
in the Michaelis constant (-^m,c1ntp), as the turnover 



number (k cat ) is essentially identical for both G4 DNA 
and non-G4 DNA 21/42-mer substrates (Table 1). At 
the insertion point opposite the first tetrad-associated 
guanine (G22), hRevl steady-state activity is perturbed 
to <10% of its normal activity by an apparent reduction 
in the Ar cat and an increased ^m.cintp f° r dCMP insertion 
opposite G22. The specificity constant for the non-G4 
DNA 23/42-mer control is substantially higher than that 
observed for either the 19/42mer or the 21/42-mer non-G4 
substrates (Table 1). This increase may be suggestive of 
a sequence-dependent effect observed for hRevl on tem- 
plates with more than one guanine located adjacent to 
the primer-template junction. However, any sequence- 
dependent increase in activity for the control does not 
appear to be carried over to the G4 DNA substrate. The 
kinetic results suggest that dCMP insertion opposite 
tetrad-guanines (i.e. on the 23/42-mer G4 DNA substrate) 
remains impaired for hRevl 330-833 , despite favorable 
binding interactions and the disruption of G4 DNA. 

To better understand the effect of G4 DNA on 
nucleotidyl transfer, we then examined hRevl insertion of 
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Table 1. Steady-state kinetic parameters for hRevl catalysis on G4 DNA and non-G4 DNA substrates 
DNA substrate 



kcnt (min -1 ) -K M ,dCTP ( U M) kcntl Km,6ctp (min -1 uM" 1 ) Cartoon schematic of DNA substrate 



19/42-mer: dCTP insertion -4nt from G22 
non-G4 DNA 0.72 ± 0.19 0.17 ± 0.07 



G4 DNA 



0.59 ± 0.12 0.20 ±0.1 



21/42-mer: dCTP insertion -2nt from G22 

non-G4 DNA 0.38 ± 0.14 0.11 ±0.03 



G4 DNA 



23/42-mer: dCTP insertion opposite G22 
non-G4 DNA 



G4 DNA 



0.41 ± 0.15 0.73 ±0.09 



0.35 ± 0.09 0.030 ± 0.009 



4.2 ± 1.0 
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Figure 6. Pre-steady-state kinetic analysis of hRevl 330- 33 activity on 
G4 DNA substrates. hRevl 330-833 (400 nM) was pre-incubated with 23/ 
42-mer DNA (lOOnM), and the reaction initiated by addition of dCTP 
(250 uM) and MgCl 2 (2mM). Product formation was plotted as a 
function of time and the data fit to Equation 4 (n - 1), yielding the 
following kinetic parameters: non-G4 DNA (circle), A = 19.4 ± 1.6 nM, 
A'obs = 5.9 ± 1.4s -1 , k 2 = 2.9 ± 0.4nM s -1 ; G4 DNA (square), A = 
8.5 ± 0.8nM, k obs = 3.3 ± 0.8s -1 and k 2 = 0.46 ± 0.17nM s -1 . 



dCMP opposite G22 using rapid chemical-quench method. 
Pre-steady-state kinetic experiments reveal that the 
presence of G4 DNA reduces the amplitude of product 
formation from 19.4 nM for non-G4 DNA to 8.5 nM 
when G4 DNA is present (Figure 6). A reduced burst-amp- 
litude in pol assays is often attributed to non-productive 
ternary complex formation. Notably, the observed rate- 
constant for dCMP insertion opposite G4 DNA-associated 
G22 is only reduced to ~56% of the control value in the 
pre-steady-state (Figure 6), suggesting that the actual rate- 
constant defining polymerization for productive complexes 
is not strongly inhibited by G4 DNA structures. 



o *j s\ o "i *i 

In summary, kinetic assays show that hRevl J,u -° ,J has 
substantial catalytic efficiency when positioned a few 
nucleotides back from the tetrad-associated guanines but 
that dCMP insertion opposite tetrad-associated guanine 
G22 is inhibited under steady-state conditions. The 
reduced product amplitude in the pre-steady-state may 
indicate non-productive complex formation when the 
enzyme attempts catalysis opposite G22, which seems 
reasonable considering the dynamic nature of G4 DNA 
substrates. The fact that the observed pre-steady-state rate 
constant for dCMP insertion opposite G22 is only reduced 
~1. 8-fold in the pre-steady-state suggests that 
hRevl" " is able to effectively copy tetrad-associated 
guanines when productive complexes are formed. We do 
observe dCMP insertion opposite G22-G20 despite the 
fact that hRevl is an extremely non-processive enzyme, 
indicating that the enzyme can copy the first three 
tetrad-associated guanines. 



DISCUSSION 

We have investigated the in vitro biochemical mechanism 
of G4 DNA replication by hRevl, a central regulator of 
translesion DNA synthesis in eukaryotes. The most 
important finding is that hRevl preferentially binds to 
and can disrupt G4 DNA structures, consistent with its 
role in maintaining fork progression at these sites. 
Although previous work showed that Revl facilitates G4 
DNA replication efficiency and the maintenance of chro- 
matin marks near these sites (31,32), it was unclear 
whether the enzyme participated in the manipulation of 
nucleic acids or simply acted as a scaffold for other G4 
DNA-interacting proteins (31,32). While our results 
certainly do not exclude the latter possibility, they are 
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consistent with the notion that Revl can help maintain 
fork progress by assisting in the disruption of G4 DNA 
structures that are present during replication, most likely 
in coordination with DNA helicases, such as Pifl, FANCJ 
and RecQ enzymes. 

Based on our findings, we propose that the mechanism 
of hRevl -mediated G4 DNA disruption can occur either 
before or after the G4 DNA structure has formed. To 
date, no other pol has been shown to be capable of 
either disrupting or preventing the formation of G4 
DNA. The effect of hRevl on G4 DNA stability can be 
attributed to at least two distinct properties of the enzyme. 
First, disruption of the G4 DNA structure by hRevl is 
evident from the exposure of G22 near the primer- 
template junction in DMS footprinting assays, which is 
indicative of an effect mediated by the active site pocket 
of hRevl. Yet, disruption of the G-quadruplex does not 
require the binding of divalent metal cations or 
nucleotidyl transfer by hRevl, which leads us to hypothe- 
size that G4 unfolding near the primer-template junction 
could involve interactions with Arg 357 and Leu 358 , as these 
two residues are central to the protein template-directed 
mechanism for hRevl. Experiments are underway to test 
this possibility. A second property of hRevl that contrib- 
utes to the dissolution of the G4 DNA structure is its 
ability to bind to ssDNA. In this way, hRevl is acting 
in a manner analogous to RPA (45^18). The added 
effect of hRevl binding to ssDNA on G4 disruption is 
manifest in the DMS footprinting results, but it is also 
apparent in the stopped-flow fluorescence assays where 
more pronounced changes in the amplitude of the signal 
are observed when the amount of enzyme is increased. The 
stopped-flow fluorescence assay measures the distance 
between the FAM fluorophore and the Dabcyl 
quencher. At a 1:1 molar ratio of hRevl :DNA, we 
observe a lag in G4 unfolding, but an increase in fluores- 
cence is observed nonetheless. At a 10:1 molar ratio of 
hRevl: DNA, there are 10 molecules of hRevl for every 
1 molecule of G4 DNA substrate. Adding more protein 
molecules to each G4 DNA substrate apparently results in 
a larger increase in the distance between FAM and 
Dabcyl; hence, the greater change in signal compared 
with the distance between FAM and Dabcyl is maintained 
by a single molecule of hRevl. The change observed at a 
1 : 1 ratio of DNA to enzyme is a testament to the specifi- 
city of the binding/unwinding by hRevl. Additional struc- 
tural studies will be required to more accurately assess 
the quaternary structure of hRevl on DNA substrates. 
However, the fluorescence changes are consistent with 
the DMS footprinting results in that both suggest that 
multiple molecules of hRevl can bind to ssDNA templates 
and disrupt G4 DNA structures. 

In terms of catalysis on G-quadruplex substrates, 
hRevl -catalyzed insertion of dCMP on G4 DNA tem- 
plates is fairly robust when the enzyme is positioned 
2-4-nt away from tetrad-guanines. In pre-steady-state 
experiments, catalysis directly opposite tetrad-guanines is 
impaired, with a rate-constant that is about half that of 
the non-G4 DNA control and with a reduced burst amp- 
litude, suggestive of ternary complex formation that is 
non-productive on G4 DNA substrates. The ability of 



Revl to insert a few bases near or opposite to tetrad- 
guanines may be important during G4 DNA replication 
in cells, based on experiments in avian cells revealing only 
~50% complementation with a catalytically inactive Revl 
mutant when replication of a G-quadruplex containing 
plasmid in rev7-deficient cells was assayed (32). Primer 
extension by hRevl, even if not directly opposite tetrad- 
guanines, may aid extension by other pols from the hRevl 
C-terminal scaffold. Thus, understanding the role of Revl 
in facilitating extension by pols eta and kappa is an im- 
mediate priority, as deletion of the polymerase-interacting 
region diminishes G4 DNA replication efficiency almost 
to levels observed for revi-deficient DT40 cells (32). 

The ability of hRevl to bind tightly to and disrupt G4 
DNA contrasts somewhat with the impaired catalysis 
observed for dCMP insertion opposite G22. This 
paradox can be reconciled by the fact that G4 DNA dis- 
ruption does not appear to require the nucleotidyl transfer 
activity of hRevl. Using both DMS footprinting and 
stopped-flow fluorescence experiments, we show that 
binding of hRevl can disrupt G4 DNA in the absence 
of nucleotidyl transfer and that this effect is especially 
pronounced as the enzyme concentration increases. In 
terms of catalytic properties, we show that hRevl can 
insert dCMP across the first three tetrad-guanines under 
conditions where the G4 DNA substrate is in 20^10-fold 
excess of enzyme (Figure 5a). Moreover, it is efficient at 
nucleotidyl transfer 2-A nt away from the first tetrad- 
guanine, G22. However, the efficiency of dCMP insertion 
opposite G22 is impaired based on the specificity constant 
(^cat/^M,dNTp) an d the reduced burst-amplitude in the pre- 
steady-state. For the steady-state results where DNA is in 
large excess of enzyme, it is easy to envision a partially 
unfolded G4 DNA structure impairing catalysis. For the 
pre-steady-state results, the enzyme is in excess of DNA 
substrate, and based on our DMS footprinting/stopped- 
flow data, hRevl should coat the ssDNA template under 
these conditions. So, either binding of additional hRevl 
molecules is inhibitory to nucleotidyl transfer or the G4 
motif is intrinsically difficult for hRevl to copy because it 
spontaneously adopts non-productive template structures, 
even when coated with excess hRevl. This second scenario 
would be analogous to the enzyme attempting to wrestle a 
coiled spring into a smooth structure (or like grappling 
with a snake that keeps coiling around your arm). 
Although there are features of the hRevl mechanism of 
action on G4 DNA that remain unresolved, the results 
presented here are internally consistent if DNA binding 
and catalytic features of hRevl activity are considered 
separately. 

Because G4 DNA structures are generally considered 
globular in nature, it is at first conceptually difficult to 
rationalize how a polymerase, such as Revl, could 
interact with G4 DNA, much less disrupt the tetrads. 
Some insight into this idea may be found in a recent 
single-molecule study that probed mechanical features 
related to telomeric G4 DNA folding/unfolding (49). 
A major conclusion from the study was that the primary 
energetic barrier to G4 DNA unfolding involves the dis- 
ruption of one or a few tetrad-associated guanines. The 
hRevl mechanism of action would seem to present an 
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ideal solution to such an energetic landscape. By pulling 
even a single tetrad-associated guanine free and sequester- 
ing the base away from other template guanines, 
hRevl can destabilize the G4 DNA structure, although 
complete unfolding may require additional proteins/ 
enzymes. This model could also prove applicable to non- 
processive DNA helicases, such as Pifl, which are known 
to unwind only a few base pairs before dissociation 
from the DNA substrate (15,16,50). Thus, nature may 
have retained enzymes for G4 DNA replication with 
short-range functions, analogous to general properties 
observed for translesion synthesis past DNA adducts. In 
conclusion, hRevl can accomplish two important tasks 
necessary for replication of G4 DNA (i) hRevl can 
disrupt G4 DNA structures that might otherwise block 
fork progression and (ii) it can prevent refolding of G4 
DNA when the template is single-stranded. Based on our 
kinetic analysis dCMP insertion, a role for hRevl catalysis 
in fork progression past G4 DNA would likely be limited 
to nucleotide insertion across from template bases near 
the G4 motif but insertion opposite tetrad-guanines 
may be performed by other pols, such as hpol n or k. 
Experiments to identify the active-site features promoting 
G4 DNA disruption by hRevl and the role of hRevl as a 
scaffold for extension across G4 DNA sequences by other 
Y-family pols are ongoing. While it remains uncertain 
whether Y-family pols encounter fully folded G4 
DNA structures in cells, an ability to actively disassemble 
G4 DNA would explain why loss of Revl impedes repli- 
cation fork progression and subsequent epigenetic stabil- 
ity at sites predicted to form these secondary structures 
in cells. 
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